Introduction
The anisotropy of elastic, dielectric and piezoelectric properties plays an important role in the application of piezoelectric materials. Several types of the anisotropy have been discussed in the literature, including the orientation dependence of the material coefficients and the difference in the values of the longitudinal, transverse and shear coefficients. The two best known examples are the temperature stabilized cuts of quartz [1] and LiNbO 3 crystals [2] where the temperature dependences of different elastic compliances compensate, leading to low temperature coefficients of resonant frequencies and acoustic velocities. Anisotropy of piezoelectric properties was intensively studied in the 1980s when unusually strong piezoelectric anisotropy was found in lead titanate ceramics with random grain orientation [3] . In these materials, for example, the longitudinal d 33 coefficient behaves in the expected way whereas the transverse coefficient d 31 , which in most perovskite materials is negative and 2-4 times smaller than d 33 , can be close to zero or can even exhibit a positive sign [4] . Another example is the strong anisotropy of dielectric, elastic and piezoelectric properties in textured ceramics of bismuth based Aurvillius structures [5] . The anisotropy of the elastic and piezoelectric properties is exploited in piezoelectric-ceramic composites with 1-3 connectivity to reduce lateral coupling in transducers for underwater and medical imaging applications [6] .
Interest in the electromechanical anisotropy of ferroelectric materials has been spectacularly renewed in the last several years after the (re)discovery [7, 8] of the large electromechanical coupling coefficient k 33 (>90%) and longitudinal piezoelectric coefficient d 33 (>2000 pC/N) measured along nonpolar directions in relaxor-ferroelectric solid solutions [e.g., Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 or PMN-PT and Pb(Zn 1/3 Nb 2/3 )O 3 -PbTiO 3 or PZN-PT]. The reason why this result was surprising can probably be found in the fact that the most widely used piezoelectric material over the last 50 years has been ceramic Pb(Zr,Ti)O 3 . Poled ceramics exhibit conical symmetry and their largest longitudinal, transverse and shear piezoelectric responses are measured along the axes of the orthogonal coordinate system whose x 3 axis lies parallel to the poling (polar) direction [9] . A maximum of the longitudinal piezoelectric response along nonpolar directions, as observed in relaxorferroelectrics, was therefore unexpected. However, subsequent studies have found that such behavior is common and has been reported in many perovskite crystals, both in those having simple compositions (e.g., BaTiO 3 [10] and KNbO 3 [11] ) and in other complex solid solutions (e.g., BiScO 3 -PbTiO 3 [12] and Pb(Yb 1/2 Nb 1/2 )O 3 -PbTiO 3 [13] ). Similar anomalies have been observed for the transverse and shear coefficients. In contrast to poled ceramics, the transverse coefficient is found to be largest in a plane that is not perpendicular to the polar direction. The shear 0022-2461 C While the origin of the large piezoelectric activity in crystals of complex solid solutions (e.g., PMN PT, PZN-PT) is still not clear, the related research has led to unprecedented activity in the field of ferroelectric materials, directly or indirectly leading to the discovery of the monoclinic phase in Pb(Zr,Ti)O 3 [17] , to the development of textured ceramics with enhanced piezoelectric properties [18] , and to the renewed interest in the role of engineered domain states on the electromechanical properties of ferroelectric crystals. Interpretation of experimental results obtained on single crystals has been further complicated by the fact that virtually all experimental data have been reported for multidomain samples, and the role of the intrinsic anisotropy and the presence of the engineered domain structure have not been separated.
In this article we shall discuss selected aspects of the piezoelectric anisotropy in perovskite crystals, focusing on mechanisms that may contribute to the enhancement of the longitudinal d 33 piezoelectric coefficient when measured along nonpolar directions. The text is structured in the following way. First, basic relations defining the orientation dependence of piezoelectric coefficients in the tetragonal 4mm, orthorhombic mm2, and rhombohedral 3m point groups are given and briefly discussed in Section 2. The piezoelectric anisotropy is then discussed in Section 3 in relation to the proximity of ferroelectricferroelectric phase transitions, in Section 4 in terms of composition in materials exhibiting a morphotropic phase boundary, in Section 5 as a function of external electric fields, and in Section 6 in terms of the domain wall structure. Finally the effects of the extrinsic contributions on the electromechanical response are briefly discussed in Section 7.
Orientation dependence of the piezoelectric coefficients
The piezoelectric coefficient is a tensor of the third rank that can be transformed between two coordinate systems using the relation [19] :
where ϕ, θ, ψ are the Euler angles and a ij are the elements of the Euler matrix that describes the rotation defined by the Euler angles. In this text d is the tensor of piezoelectric coefficients in the crystallographic coordinate system with axis x 1 , x 2 and x 3 , while the asterisk denotes the tensor in the rotated system. A caution is necessary when comparing data from different sources since Euler angles are not uniquely defined in the literature. Here we follow the definition of Euler angles given in Refs. [2 , 20] where ϕ describes the first counterclockwise rotation around the x 3 axis, θ the second counterclockwise rotation around the new x 1 axis and ψ the third counterclockwise rotation around the new x 3 axis. The corresponding rotation matrix is:
If another definition of the Euler angles is used, the terms in equations given below may have different signs [21, 22] and numerical coefficients. Furthermore, the piezoelectric tensor is usually given in the form of a matrix with reduced indices using Voigt notation [19] . A mistake sometimes made in the literature is to use for the piezoelectric d coefficients the reduced matrix of the third rank electro-optical tensors or the piezoelectric stress tensor e [23] . The reduced matrices for these tensors may differ from the matrix for the d tensor in the relationship between the coefficients. For example, in point group 3m in the reduced notation d 26 = −2d 11 but e 26 = −e 11 [24] .
In this article we shall discuss only the orientation dependence of the longitudinal d 33 piezoelectric coefficient. This coefficient has the simplest form and is the easiest to analyze, yet allows a point to be made about the main features of anisotropy that will be discussed. In the most common symmetries and for the chosen definition of the Euler angles, the Equation 1 has the following forms: in crystals belonging to the tetragonal 4 mm group: 
and in the rhombohedral 3m group: 
